Abstract-The plane-wave spectrum technique is used to derive the fields of horizontal currents located in a horizontal plane above the earth. The far field is derived asymptotically, and the near field is computed by two-dimensional fast Fourier transform. Specific numerical results are presented for a pair of oppositely directed dipoles, and the results have application to detection of buried objects. When the antenna is located at low heights, the field is enhanced in the earth and decreased in air.
I. INTRODUCTION ADIATION from antennas near the earth has been
R studied by many investigators, and Banos [l] has summarized many of the results for Hertzian electric and magnetic dipole sources. More recently Smith [2] has used the plane-wave spectrum technique to study transmission into a lossy half space. Hill and Cavcey [3] have used the related plane-wave, scattering-matrix technique [4] to include interactions between antennas separated by a planar interface and between an antenna and an interface.
In this paper we specialize the scattering-matrix technique [3] to the case of an antenna with horizontal currents located in a horizontal plane over a horizontal, airearth interface. This case includes many of the antenna types, such as horizontal loops [5] and dipoles [ 6 ] , which are used in detection of buried objects.
The organization of this paper is as follows. In Section I1 we derive the plane-wave spectrum of the primary fields of horizontal currents in free space. In Section I11 we obtain the transmitted and reflected fields from the previous results in [3]. In Section IV we obtain the plane-wave spectrum of the fields of oppositely directed dipoles of finite length. This type of antenna has a null in a vertical plane to reduce strong ground reflections and has been used for detection of buried objects. Section V contains numerical results for the far field and the near field of oppositely directed dipoles. The near fields in the earth are of particular interest in detection of buried objects. Section VI contains conclusions and recommendations for further study, and the Appendix contains an analytical expression for the ratio of the field strength in the earth to the field strength in air. Manuscript received October 19, 1987; revised May 12, 1988 . This work was supported by the U.S. Army Belvoir Research and Development Center.
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11. PRIMARY FIELDS The geometry for horizontal currents located in a plane ( z = 0) above a half space is shown in Fig. I . We assume that the electric surface current density J, ( R , ) is known, and the time dependence is exp ( -i w t ) . The interface is located at z = h , and a primed coordinate system (x' = x, y' = y, z ' = z -h ) has its origin at the interface. The complex permittivity E and permeability p of the region, z < h , are arbitrary, but will later be set equal to their free-space values. The formulation and notation will follow [3] and [4] fairly closely.
In the region z < h the primary electric field E : can be written as a spectrum of plane waves
where r is the position vector, and the subscript q takes the value 1 for z > 0 and 2 for z < 0. For q = 1, we take the positive superscript of E,,,, and for q = 2, the negative superscript. The integrations are taken over real values of the wavenumbers k, and 5, and K is given by K = k,e, + kye,, where e,, ey, and e, are unit vectors. An expression similar to (I) can be written for the magnetic field, but in this paper we are interested primarily in the electric field. The plane-wave field E ; is a transverse to the propagation vector. E ; is transverse magnetic (TM) form = 1 or transverse electric (TE) for m = 2. The propagation vector k' can be written
where y = ( k 2 -K 2 ) ' 1 2 , k 2 = w 2 p e , and K 2 = K . K .
The sign of y is chosen so that the imaginary part of y is positive. If the imaginary part of y is zero, then the sign is chosen so that y is positive real. We define the following transverse (to z ) unit vectors The TE plane-wave field is given by
The scalar coefficient b, ( m , K ) in (1) can be written in terms of a vector coefficient
Kerns [4, pp. 124-1271 has derived the vector coefficient in terms of an integral over the source current. For the geometry in Fig. 1 , we can write his result in the form
where
The projection operator 7r in (7) is defined as [4] dR,.
where 1 is the unit dyad.
REFLECTED AND TRANSMITTED FIELDS
In the region, z < h, the reflected electric field E ; can be written in a form similar to (1)
W -w
The coefficient a l has been derived in [3]
The superscript t indicates that R i l is a translated reflection coefficient
The total field E ( r ) in the region, z < h , is the sum of the primary and reflected fields: E ( r ) = E : ( r ) +
In the lower medium, z' > 0 or z > h , the transmitted
E ; ( r ) .
electric field E;' can be written in a form similar to (1)
The plane-wave field ELi is given by E ; ' ( K , r ' ) = ( K~ -K y ' -' e ; ) u ' + and E ; + ( K , r ' ) = K~u ; +
where U"
= exp (ik" r')/(2w) and k" = K + y'e;.
The coefficient a; has been derived in [3]
T;l = T21eiyh
( 1 5 
IV. OPPOSITELY DIRECTED DIPOLES
A transmitting antenna of particular interest in detection of buried objects at shallow depths is shown in Fig.  2 . The antenna consists of two x-directed dipoles of length L fed in opposition and separated by a distance s. This type of antenna has a null in the xz plane even when it is located over a homogeneous half space or a horizontally stratified half space. We do not consider the receiving antenna in this paper, but it is normally an x-directed dipole located at the origin. Thus it will respond to inhomogeneities that are asymmetrical with respect to the xz plane, but not to a homogeneous or horizontally stratified earth. In this paper our interest is in the near fields to see how buried objects will be illuminated.
We assume sinusoidal current distributions on the oppositely directed dipoles that can be represented by the following surface current distribution:
where Io is the feed current of each dipole and 6 is the Dirac delta function. It would be possible to solve for the current distribution on a pair of wire antennas over the ground by the method of moments [7] , but the classical sinusoidal current approximation [8] is adequate for our field calculations as indicated in Section V.
If we substitute (16) into (7) and carry out the R, inte- gration, we obtain the following result for U ( K ) :
.
( 1 7 ) k 2 -k;
As given by ( 1 7 ) , U ( K ) is indeterminate at k, = + k . This special case can be evaluated directly from ( 7 ) and (16) to yield Thus U ( K ) for the current distribution in (16) is even in k,, odd in k y , and well behaved for all K .
V. NUMERICAL RESULTS In this section we obtain far-field and near-field results for the oppositely directed dipoles located in air over a lossy earth. We assume that the magnetic permeability of both the air and earth is that of free space, p = p' = po, and that the permittivity of air is that of free space, E = eo. The dipole length L and separation s are: L = s = 0.2735 A, where X is the free-space wavelength ( = 27r/k). This corresponds to a physical length and separation of 21.59 cm at a frequency of 380 MHz.
A. Fur Field
We first consider the electric field in air (z < h To verify that the assumed current distribution in (16) is an adequate model for a detector with oppositely directed dipoles, we first compared theoretical and measured far-field patterns for free space conditions ( E' = E ). The measurements were performed in an anechoic chamber in the far field of the oppositely directed dipoles. A dipole probe was used to measure the electric field strength. Fig. 3 shows the H-plane ( 4 = 9 0 " ) pattern, and the agreement is very good for the dominant horizontal component. The theory predicts no vertical component of electric field, but the measurement shows a vertical component about 20 dB below the horizontal component. Fig. 4 shows the E-plane pattern (8 = 9 0°) , and the agreement is not as good. Again there is a measured vertical component of electric field about 20 dB down that is not predicted by the theory. Part of the problem is that the detector dipoles have some end loading, and there is a circuit board in the plane of the dipoles. We tried assuming a constant current to take account of the end loading, but the sinusoidal current in (16) provided better agreement in the far-field pattern. The poorer agreement in the E-plane pattern is not a serious problem for our application because most of the interest is in the H-plane pattern (far field and near field).
In Fig. 5 we show the H-plane pattern for three antenna heights over a lossless earth ( € ' / E = 4.0). (We use 8 to represent either 8 or 8' because in the far field they are equal. Because the z-axis is pointed down, 8 values greater than 90" represent the pattern in air and 8 values less than 90" represent the pattern in the earth.) The electric field has only an x-component in the H-plane, and we multiply E, by the normalization factor r / ( Z o q ) to make it dimensionless. The sharp cusps at the critical angle, 8 = sin-' [ ( E / E ' ) ' /~] = 30", have also been observed in the numerical results of Smith [ 2 ] . If we wish to maximize the field in the earth and minimize the field in air, then it is best to make h as small as possible. This has been done for a crossed-dipole system [ 6 ] . The reason for minimizing the field in air is to reduce reflections from aboveground objects.
In Fig. 6 we show the H-plane pattern for three real values of E ' / € . The free-space case ( E ' / € = 1 ) shows equal fields in air and earth, but an increase in E ' / E in- e ' / e # 1, there is a null along the interface ( 0 = 90') because the reflected and primary fields cancel. The multiple lobes in the earth for e ' /~ = 80.0 are a result of the sin ( k , s / 2 ) factor in (17). For antennas that do not have a null in the vertical directions ( 0 = 0", 180" ), the Appendix contains a simple result for the ratio of the far field in earth and in air.
B. Near Field
The near fields are actually of more interest than the far fields in the detection of buried objects at shallow depths (typically less than a skin depth in the earth). From Sections I1 and 111, we see that all field components require evaluation of two-dimensional integrals of the form The x-component of the electric field E , is dominant both in the earth and in the air, and in this section we give numerous results for the normalized, dimensionless .rcomponent, E,,, = AE.,/(Zoq). All plots show only the magnitude of E.,,, because the phase is of less interest. In all cases E.,,, has a null at y = 0, and only positive values of y are shown because 1 E.,,, 1 is even in y .
Figs. 7-10 show I E.,,, 1 for an antenna height h of 0.1 X over a low-loss earth ( € ' / e = 4.0 + io. 1 ). Figs. 7 and 8 show the effect of the offset distance x from the antenna centerline ( x = 0 ) on the fields in earth and air. The field in the earth is about twice that in air, and the x and y Figs. 11 and 12 show the effect of antenna height on the field at a fixed depth, z -h , in the earth and a fixed height, h -z , in air. As with the far-field patterns, a decrease in antenna height causes a desirable increase in the fields in the earth and decrease in the fields in air. Fig. 13 shows the effect of increasing loss in the earth. Fig. 14 shows the effect of increasing the dielectric constant of the earth. An increase in the dielectric constant shifts the peak toward the origin because the field is re- VI. CONCLUSION We have used the plane-wave spectrum technique to derive expressions for the near fields and far fields of horizontal electric currents located above the earth. The far fields are evaluated asymptotically, and the near fields are calculated using 2D FFT. The 2D FFT technique is fast and simple, and it avoids Sommerfeld integral evaluations that are usually associated with antennas near an interface Specific numerical results have been generated for the far fields and near fields of oppositely directed dipoles located above the earth. This antenna configuration is of particular interest in detection of buried objects. Locating the antenna close to the earth enhances the field in the earth and decreases the field in air, and this effect holds for the near field and the far field. A number of extensions to this work would be useful. A buried scattering object [ 111 and a receiving antenna could be included in the theory to assess the overall detection effectiveness. The required plane-wave, scattering-matrix theory has already been developed to handle such cases [3] . Other antenna configurations could be analyzed, and the effect of the ground on the input impedance could be studied as a function of antenna height [ 121.
APPENDIX-FRONT-TO-BACK RATIO We define the front-to-back ratio F B R ( h ) as the magnitude of the ratio of the far field in the earth to the far field in air for the directions normal to the interface (19' = 0 and 8 = 180" ). This definition is not useful for antennas that have nulls normal to the interface as in the case of oppositely directed dipoles. As in Section V, we considered the special case, F' = p = po and E = eo. From (19) and (20), we can derive the following: where the expression is evaluated at K = 0. The exponential factor occurs because the earth is lossy. The height dependence is contained in R:' as seen in (1 1 
